Recently, multiple studies regarding the human microbiota and its role on the development of disease have emerged. Current research suggests that the nasal cavity is a major reservoir for opportunistic pathogens, which can then spread to other sections of the respiratory tract and be involved in the development of conditions such as allergic rhinitis, chronic rhinosinusitis, asthma, pneumonia, and otitis media. However, our knowledge of how nasal microbiota changes originate nasopharyngeal and respiratory conditions is still incipient. Herein, we describe how the nasal microbiome in healthy individuals varies with age and explore the effect of nasal microbiota changes in a range of infectious and immunological conditions. We also describe the potential health benefits of human microbiota modulation through probiotic use, both in disease prevention and as adjuvant therapy. Current research suggests that patients with different chronic rhinosinusitis phenotypes possess distinct nasal microbiota profiles, which influence immune response and may be used in the future as biomarkers of disease progression. Probiotic intervention may also have a promising role in the prevention and adjunctive treatment of acute respiratory tract infections and allergic rhinitis, respectively. However, further studies are needed to define the role of probiotics in the chronic rhinosinusitis.
Introduction
The human microbiome consists of the collective genomes of commensal, symbiotic, and pathogenic microorganisms living on the human body and plays a key role in health and immunity. 1 Each body habitat harbors a characteristic bacterial community, 2,3 which is not constant throughout life, but rather changes with age. 4 The human nasal cavity harbors commensal bacteria that suppress opportunistic pathogen colonization by competing for limited space and nutrients and can even produce toxic compounds that directly inhibit or kill competing microorganisms. 5 As depicted in Figure 1 , many environmental factors that have been shown to modulate the composition of the nose microbiome. [6] [7] [8] However, the distinction between commensal and pathogenic bacteria is often ambiguous, as some microorganisms, such as Staphylococcus aureus, can be both commensal and a versatile opportunistic pathogen, causative of significant morbidity and even mortality. [9] [10] [11] Dysbiosis, a dysfunction or imbalance in the microbial communities, can therefore greatly impact human health. 12 Research into the bacterial communities of the nasal cavity has revealed that the nose harbors opportunistic pathogens, which can then spread to other sections of the respiratory tract and be involved in the development of conditions such as allergic rhinitis (AR), chronic rhinosinusitis (CRS), acute respiratory tract infections (ARTI), otitis media (OM), and asthma. 13, 14 This review aims to describe how changes in the nasal microbiota and microbiome are linked to Figure 1 . Factors that modulate nasal microbiota throughout life.
several immune system disorders and infectious diseases. We also aim to define how probiotics can increase health through the modulation of the nasal microbiota and microbiome, both as adjuvant therapy and in prevention.
The Nasal Microbiome
Nasal Microbiome and CRS Even though the causal role of bacterial infection in the development of CRS is yet to be proven, it is hypothesized that bacterial infection triggers an inflammatory response within the sinus cavity, with resulting chronic changes and symptoms. 6, 15 Previous descriptive studies have shown that the nasal microbiome of CRS patients most frequently includes coagulase-negative Staphylococcus, Pseudomonas aeruginosa, and S. aureus. [16] [17] [18] [19] [20] [21] More recently, Lal et al. compared the microbiota of the middle meatus and inferior meatus CRS patients with and without nasal polyps and in healthy controls. They found that samples collected from the middle meatus of CRS patients without nasal polyps were enriched in Streptococcus, Haemophilus, and Fusobacterium spp. but exhibited loss of bacterial diversity in comparison to healthy controls. Samples collected from the middle meatus of CRS patients with nasal polyps were enriched in Staphylococcus, Alloiococcus, and Corynebacterium spp. 22 Cope et al. used 16S rRNA gene sequencing to analyze samples collected during endoscopic sinus surgery in CRS patients and healthy controls and determined that CRS patients can be divided into distinct subgroups, with specific patterns of bacterial colonization, uniquely enriched gene pathways and distinct host immune responses. 23 The subgroup predominantly containing Streptococcaceae evoked pro-inflammatory, T H 1 responses and mostly encoded an ansamycin biosynthesis gene pathway. 23 The subgroup mainly containing Pseudomonadaceae also evoked pro-inflammatory, T H 1 responses, but encoded tryptophan metabolism gene pathways. 23 The subgroup predominantly containing Corynebacteriaceae encoded peroxisome proliferatoractivated receptor-c signaling pathways, with enhanced IL-5 expression and significantly increased incidence of nasal polyps. 23 These findings support the idea that the nose microbiome in CRS patients can not only influence CRS phenotype but also modulate immune response. As summarized in Table 1 , nasal dysbiosis plays a role in the development of CRS and the formation of nasal polyps, but further studies are required to clarify the pathophysiologic mechanisms involved.
Nasal Microbiome and Asthma
Although the relationship between nasal microbiota and asthma phenotypes and severity is still poorly defined, [24] [25] [26] recent studies have demonstrated that the nasal microbiota plays a significant role in the onset, development, and severity of asthma. [27] [28] [29] [30] Culture-independent sequencing methods have shown that the composition of the nasal microbiome is different in adult patients with exacerbated asthma, nonexacerbated asthma, and healthy controls. [31] [32] [33] In comparison with healthy individuals, the nasal microbiota of asthma patients was enriched with taxa from Bacteroidetes and Proteobacteria, with Prevotella buccalis and Gardnerella vaginalis in particular being more abundant in asthma patients. 33 P. buccalis, G. vaginalis, Dialister invisus, and Alkanindiges hongkongensis species were differentially abundant depending on asthma activity, and metagenomic inference revealed differences in bacterial glycerolipid metabolism. 33 Teo et al. investigated the nasopharynx microbiome during the first year of life and found that the nasopharynx microbiome was a determinant of risk of future asthma development and severity of accompanying inflammatory symptoms, with early asymptomatic colonization with Streptococcus in particular being a strong predictor for the future development of asthma. 30 P erez-Losada et al. also found that the composition and structure of the nasal microbiota of children and adolescents with asthma was significantly different than that of 16, 17, 19 " Staphylococcus aureus 16, 17, 19 # Bacterial diversity 6 With nasal polyps "" Staphylococcus aureus 20 " Alloiococcus spp. 22 " Corynebacterium spp. 22 # Bacterial diversity 20 Without nasal polyps " Staphylococcus spp. 20 " Streptococcus spp. 22 " Haemophilus spp. 22 " Fusobacterium spp. 22 # Bacterial diversity 22 # Prevotella spp. 20 
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" Coagulase-negative Staphylococcus 21 " Staphylococcus aureus 21 # Bacterial diversity 21 healthy controls and varied between different asthma phenotypic clusters. 34 In a separate study, P erez-Losada et al. used targeted 16S rRNA sequencing methods to characterize the nasopharyngeal microbiota in asthmatic children and found that the nasal microbiome was dominated by Moraxella, Staphylococcus, Corynebacterium, Haemophilus, Fusobacterium, Prevotella, and Dolosigranulum, which were different from those described in the nasopharynx of adults. 29 Further investigation is needed to determine how the nose and nasopharynx microbiome ultimately influences asthma pathophysiology and to develop custom-fit treatment options, which target nasal microbiome dysbiosis in asthma patients.
Nasal Microbiome and AR
Although there is still limited research into the relationship between nasal microbiome dysbiosis and the development of AR, the nasal microbiome potentially holds an important role in the modulation of localized immune responses, pathophysiology, and development of AR. Choi et al. studied the nasal microbiota before and during corresponding pollen seasons in seasonal AR (SAR) patients and healthy controls. 35 Samples were collected from the middle meatus and vestibule using endoscopy. During pollen season, there was a correlation between increase in symptoms and nasal eosinophils in SAR patients and a significant increase bacterial biodiversity in the middle meatus compared with healthy controls. 35 This pattern is distinct from that found in CRS patients, where disease severity seems to correlate with a decrease in bacterial biodiversity. No significant changes were found in the nasal vestibule. 35 Lal et al. compared the microbiota of the middle meatus and inferior meatus AR patients and in healthy controls. 22 However, Lal et al. were unable to reproduce the findings of increased biodiversity in AR patients compared to healthy controls, likely due to smaller sample size and not collecting the nasal samples during a specific allergy season. 22 Further research is needed to fully comprehend the role of nasal microbiome dysbiosis in AR.
Nasal Microbiome and ARTI
Multiple studies have progressively defined the impact of the nose microbiome in host immunity and protection against opportunistic pathogens, such as S. aureus, rhinovirus, and influenza virus. 1, [36] [37] [38] The interaction between the influenza virus and epithelial cells is mediated by complex bacterial communities, among other factors, which regulate innate and adaptive host immune response and influence risk of infection. 1, 36 In turn, this host immune response against respiratory viruses can provoke protective changes in the respiratory and nasopharyngeal microbiome. 39, 40 The influenza A virus infection has also been shown to modify the community structure of the microbiome, with an increase in pathogenic bacteria. 36, 41 Salk et al. conducted a human experimental trial, in which healthy adults were administered intranasal live attenuated influenza vaccine. 42 A significant increase in taxa richness was observed as well as a variation in influenza-specific immunoglobulin A (IgA) antibody production. 42 46 In turn, S. pneumoniae can secrete proteases that activate the viral hemagglutinin and even modulate the host innate immune response of the host in order to facilitate influenza A virus infection. 44, 47 Other viruses are also associated with changes in the nose microbiome. Fan et al. observed an increase in pneumococcal density following rhinovirus infection. 48 Wolter et al. found that following a respiratory virus infection by influenza virus, adenovirus, or rhinovirus, there was an elevation in colonization density by S. pneumoniae and therefore an increased risk of invasive pneumococcal pneumonia. 49 The nasal microbiome can also influence and modulate infection by other viruses. Rosas-Salazar et al. found significant differences in the taxonomic composition and abundance between infants infected with human rhinovirus and respiratory syncytial virus. 50 Toivonen et al. found that the nasopharyngeal microbiota influenced infection by different rhinovirus species. 51 Infants with a predominant Haemophilus microbiota profile were more likely to have infection by rhinovirus-A species, whereas infants with a predominant Moraxella microbiota profile were more likely to have infection by rhinovirus-C species. 51 Mansbach et al. found an association between a predominant Haemophilus nasopharyngeal microbiota and delayed clearance of respiratory syncytial virus in infants hospitalized for bronchiolitis. 52 As shown in Table 2 , nasal bacterial communities influence host susceptibility to ARTI, emphasizing the need to develop novel prophylactic and therapeutic probiotic interventions.
Nasal Microbiome and OM
As displayed in Table 3 , the nose microbiome influences the development of OM, with an increase in carriage of pathogenic bacteria elevating the risk of invasive disease, probably due to bacterial migration to the middle ear. 10, 53, 54 Hilty et al. studied the nasopharyngeal microbiota of 163 infants with or without acute OM using nasopharyngeal swabs and multiplexed pyrosequencing of 16S rRNA and found that commensal bacteria were less prevalent in infants with acute OM in comparison to healthy controls. 55 Moraxella, Streptococcus, and Pasteurella spp. were most frequent in acute OM patients in comparison to healthy controls. 55 Laufer et al. found that S. pneumoniae colonization was significantly more frequent in children with OM, and nasal colonization with Haemophilus, Actinomyces, Rothia, Neisseria, and Veillonella was also associated with an increased risk of OM. 56 On the other hand, colonization with Corynebacterium and Dolosigranulum and Propionibacterium, Lactococcus, and Staphylococcus was associated with a decreased risk of pneumococcal colonization and OM. 56 Recently, Lappan et al. found that the nasopharyngeal microbiomes of patients with recurrent acute OM and healthy controls were distinct, with Gemella and Neisseria being more prevalent in the nasopharynx of patients with recurrent acute OM in comparison with healthy controls and Corynebacterium and Dolosigranulum being significantly more abundant in the nasopharynx of controls. 57 Chonmaitree et al. analyzed 971 nasopharyngeal samples collected during episodes of acute OM and found an increased abundance in 3 otopathogen genera: Moraxella, Haemophilus, and Streptococcus, with lower bacterial diversity. 58 During acute OM episodes, there were increases in abundance of otopathogen genera and decreases in Pseudomonas, Myroides, Yersinia, and Sphingomonas. 58 Further studies are needed to define how probiotics could be used to modulate the nasal and nasopharyngeal microbiome and protect against OM.
The Role of Probiotic Intervention in Nasal Microbiome Dysbiosis

Probiotic Intervention in AR
Even though the role of dysbiosis in the pathophysiology of AR is poorly understood, there have been promising developments in the use of probiotics as adjuvant treatment. Ishida et al. found that the administration of Lactobacillus acidophilus 92 in fermented milk significantly improved nasal symptom scores in participants with perennial AR (PAR), in comparison with the administration of milk without lactic acid bacteria. 59 In a double-blind, placebo-controlled randomized study with 60 children with PAR, half were treated with the anti-histamine agent levocetirizine, together with Lactobacillus paracasei, and half were treated with 36, 41, 42 " Streptococcus pneumoniae 43 " Staphylococcus aureus 43, 46 " Phyllobacterium spp. 46 " Moraxella spp. 46 " Corynebacterium spp. 46 " Dolosigranulum spp. 46 # Pseudomonas spp. 45 
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In general " Moraxella spp. 56, 59 " Streptococcus pneumoniae 56, 57, 59 " Pasteurella spp. 56 " Haemophilus spp. 57, 59 " Actinomyces spp. 57 " Rothia spp. 57 " Neisseria spp. 57 " Veillonella spp. 57 # Commensal bacteria 56 # Bacterial diversity 57, 59 # Lactococcus spp. 57 # Propionibacterium spp. 57 # Corynebacterium spp. 57 # Dolosigranulum spp. 57 # Staphylococcus spp. 57 # Pseudomonas spp. 59 #Myroides spp. 59 # Yersinia spp. 59 # Sphingomonas spp. 59 Recurrent " Gemella spp. 58 " Neisseria spp. 58 # Corynebacterium spp. 58 # Dolosigranulum spp. 58 levocetirizine with placebo. The group treated with L. paracasei reported an improvement in pediatric rhinoconjunctivitis quality-of-life scores and a significant improvement in nasal itching and sneezing scores in comparison with the placebo. 60 Jerzynska et al. studied the effect of Lactobacillus rhamnosus GG and vitamin D supplementation on the immunologic effectiveness of grass-specific sublingual immunotherapy (SLIT) in children with AR with sensitization to grass pollen. They found that there was a decrease in the symptom-medication score in all groups treated with 5-grass SLIT as well as a significant increase in CD4þCD25þFox3þ cells in the children receiving SLIT with L. rhamnosus, compared with children treated with SLIT and vitamin D, resulting in a better immunologic response. 61 These results suggest that probiotics do have a potential important role in the adjunctive treatment of PAR and SAR.
Probiotic Intervention in CRS
In contrast with AR, current research into the use of probiotics in the adjunctive treatment of CRS is limited and does not support a prominent role of probiotics in the treatment of CRS. In a double-blind, randomized, placebo-controlled trial by Mukerji et al., there were no significant clinical improvements in sinonasal quality-of-life scores with oral administration of a preparation containing L. rhamnosus in 77 patients with CRS. 62 Furthermore, the topical administration of honeybee lactic acid bacteria (HLAB), a mixture of 9 Lactobacillus spp. and 4 Bifidobacterium spp., directly into the nasal passage was safe and well tolerated 63 but did not produce any changes in symptoms, inflammatory biomarkers in nasal lavage fluids, or commensal bacteria of the nasal cavity in patients with CRS without nasal polyps. 64 Although further research is needed in this field, probiotics are currently not recommended in the adjuvant treatment of CRS.
Probiotic Intervention in Respiratory Tract Infections
Given the significant role of the nose and throat microbiome in the susceptibility to influenza virus infection, 1, 36, 38 there has been some investigation into the potential role of probiotics in the modulation of the nasal microbiome and innate and adaptive host immune responses. Salk et al. measured changes to the nasal microbiome in young adults who received intranasal administration of live attenuated influenza vaccine (LAIV) and found that LAIV altered the nasal microbiome, with increased taxa richness and variations in influenza-specific IgA antibody production. 42 Furthermore, molecular profiling studies have recently revealed that species-specific interactions play an important role in avoiding S. aureus nasal colonization and persistence. 5 Specifically, the Corynebacterium genus interacts with S. aureus in the nasal cavity 65 and artificial inoculation of Corynebacterium pseudodiphtheriticum into the nasal cavity appears to eradicate S. aureus nasal colonization. [66] [67] [68] Hardy et al. determined that this is because C. pseudodiphtheriticum selectively targets S. aureus for killing, mainly through Agr QS, its primary virulence factor. This may confer selective advantage to S. aureus strains deficient in Agr QS, inducing a switch from a pathogenic state to a commensal state. 5 Further studies are needed to characterize the therapeutic use of C. pseudodiphtheriticum-derived factors as bactericidal agents against S. aureus.
The effects of a 1-week administration of a probiotic product composed of a combination of Streptococcus salivarius 24SMBc and Streptococcus oralis 89a, on the nostril microbiota were evaluated using a nextgeneration sequencing approach. A significant decrease in S. aureus abundance was detected immediately after the probiotic administration, and there was an increase in the total number of beneficial microorganisms which could limit the overgrowth of potential pathogens. 69 In 2 separate randomized, double-blind, placebo-controlled trials, newborns who were administered prebiotics and probiotics had a significantly lower incidence of respiratory tract infections compared to the placebo. 70, 71 Specifically, the incidence of rhinovirus-induced episodes, which comprised 80% of all respiratory tract infections, was found to be significantly lower in the prebiotic and probiotic (groups compared with the placebo group. 70 In another randomized symbiotic trial, 4556 infants were administered an oral preparation containing Lactobacillus plantarum. Significant reductions were observed in the incidence of respiratory tract infections. 71 There are also encouraging results with regard to immunity enhancement through intranasal vaccines in experiments conducted on animals. The intranasal administration of Bacillus subtilis vaccines in the nasal mucosa and tonsils of piglets resulted in an increase in the number of dendritic cells, immunoglobulin A þ B cells and T cells in the nasal mucosa and tonsils, as well as an increase in toll-like receptor (TLR)-2 and TLR-9 mRNA expression. This lays the foundation for further study into the intranasal administration of B. subtilis in humans to enhance the immunity of human nasal mucosa to respiratory diseases. 72 
Conclusion
In healthy individuals, the nasal microbiome varies with age and is shaped by various factors. Interestingly, pathological conditions of the respiratory tract seem to be associated with a reduction in nasal microbiota biodiversity, a feature also observed in the gut. Nasal microbiome dysbiosis has been implicated in the pathophysiology of many diseases, including CRS, asthma, AR, bronchiolitis, the flu, and OM, although further studies are needed to further characterize the role of the nasal dysbiosis in AR. Current research suggests that the nasal microbiota profile influences immune response and may modulate CRS phenotype. Further studies are needed to explore the use potential use of the nasal microbiota profile as a prognostic tool in clinical practice.
However, when considering the potential clinical use of the characterization of the nasal microbiome profile, it is important to take into consideration the wide array of methodologies available, with distinct operating costs and potentially conflicting results. For instance, polymerase chain reaction methods, which are relatively cheap, can only identify a relatively small array of genes, in comparison with more expensive nextgeneration sequencing, a high throughput methodology with broad range applications which could allow for a more complete characterization of the microbiome profile in different individuals. Although these methods could be useful in clinical practice, allowing for personalized and optimized patient treatment and follow-up, the operational costs need to be taken into account, and presently compromise the use of these techniques as disease biomarkers and prognostic factors in patient care. Furthermore, the possibility of changes in nasal microbiome richness and diversity being secondary to inflammation in diseases such as CRS, AR, and ARTI must also be taken into consideration.
Currently, studies suggest that probiotic intervention may have a promising role in the adjunctive treatment of PAR and SAR, with improvements in immune response, symptom scores and quality of life, and in the prevention of ARTI, through species-specific interactions and immunological modulation. Further studies are needed to fully characterize how these interventions can be applied in clinical practice. However, it remains unclear whether probiotics could have a role in the treatment of CRS.
